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ABSTRACT A clinical isolate of measles virus (MeV) bearing a single amino acid al-
teration in the viral fusion protein (F; L454W) was previously identified in two pa-
tients with lethal sequelae of MeV central nervous system (CNS) infection. The muta-
tion dysregulated the viral fusion machinery so that the mutated F protein mediated
cell fusion in the absence of known MeV cellular receptors. While this virus could
feasibly have arisen via intrahost evolution of the wild-type (wt) virus, it was recently
shown that the same mutation emerged under the selective pressure of small-
molecule antiviral treatment. Under these conditions, a potentially neuropatho-
genic variant emerged outside the CNS. While CNS adaptation of MeV was
thought to generate viruses that are less fit for interhost spread, we show that
two animal models can be readily infected with CNS-adapted MeV via the respi-
ratory route. Despite bearing a fusion protein that is less stable at 37°C than the
wt MeV F, this virus infects and replicates in cotton rat lung tissue more effi-
ciently than the wt virus and is lethal in a suckling mouse model of MeV en-
cephalitis even with a lower inoculum. Thus, either during lethal MeV CNS infec-
tion or during antiviral treatment in vitro, neuropathogenic MeV can emerge, can
infect new hosts via the respiratory route, and is more pathogenic (at least in
these animal models) than wt MeV.

IMPORTANCE Measles virus (MeV) infection can be severe in immunocompromised
individuals and lead to complications, including measles inclusion body encephalitis
(MIBE). In some cases, MeV persistence and subacute sclerosing panencephalitis
(SSPE) occur even in the face of an intact immune response. While they are rela-
tively rare complications of MeV infection, MIBE and SSPE are lethal. This work ad-
dresses the hypothesis that despite a dysregulated viral fusion complex, central ner-
vous system (CNS)-adapted measles virus can spread outside the CNS within an
infected host.
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Despite the availability of a measles virus (MeV) vaccine and ongoing efforts by the
Measles Initiative to increase vaccine coverage, MeV has not been eradicated and

has caused 100,000 to 140,000 deaths globally every year since 2010 (1–3). MeV
eradication by vaccination is complicated by several biological and societal factors,
including incomplete protection in the presence of maternal antibodies (4) and de-
creasing vaccination rates, often related to parental concerns over safety (5). These
factors contribute to the recent resurgence of MeV infection in Europe and the United
States (6).

MeV initially infects activated SLAM/CD150-expressing immune cells in the respira-
tory tract and thereby enters the lymphatic circulation (7). Viral replication occurs in
SLAM/CD150-expressing lymphocytes in draining lymph nodes and is followed by
viremia. Late in infection, MeV infects respiratory epithelial cells after attaching to
nectin-4 expressed on the basolateral membranes of these cells and exits the host for
interhost transmission from the respiratory tract (8, 9).

Cellular infection by MeV starts with attachment to cell surface receptors, followed
by entry that is mediated by fusion between the viral and host membranes. Both initial
steps rely on the concerted actions of the MeV receptor binding (H) and fusion (F)
surface glycoproteins, which together make up the viral fusion complex (10, 11). F is
synthesized as a precursor (F0) that is cleaved within the infected cell prior to egress to
yield the prefusion F, which exists as a homotrimer composed of three C-terminal F1

subunits associated via disulfide bonds with three N-terminal F2 subunits. The newly
produced viral particles bear the trimeric F structure kinetically trapped in a metastable
conformation on the surface of the viral membrane (12). In this metastable conforma-
tion, F can be activated to mediate fusion when the H glycoprotein engages a target
cell surface entry receptor (SLAM/CD150 or nectin-4 for wild-type [wt] strains) (7–9).
Upon receptor engagement, H triggers the prefusion F protein to undergo a confor-
mational change, extending to expose the hydrophobic fusion peptide that inserts into
the host cell membrane. Following insertion, F refolds into a stable postfusion 6-helix
bundle structure, bringing the viral and target cell membranes together to initiate the
formation of the fusion pore. The propensity of F to refold to the postfusion state relies
on the interaction between two complementary heptad repeat (HR) regions at the N
and C termini of the protein (HRN and HRC, respectively). This step of fusion can be
inhibited by peptides corresponding to these HR regions (13).

Days to years after the acute phase of infection, central nervous system (CNS) MeV
infection can lead to fatal complications (14–16). Subacute sclerosing panencephalitis
(SSPE) develops in a small percentage of immune-competent patients several years
after initial infection. SSPE is characterized by persistent infection of the brain and
hypermutated MeV genomic RNA and viral transcripts, as well as defective viral particle
assembly (17–19). Measles inclusion body encephalitis (MIBE) occurs in immunocom-
promised patients days to months after infection or vaccination with the live-
attenuated MeV vaccine (15, 20, 21) and has been suggested to be associated with
hyperfusogenic viral fusion complexes that can mediate viral entry in the absence of
known MeV receptors (22, 23). Mechanisms governing MeV infection and spread in the
CNS remain poorly understood, although CNS invasion seems to require the F protein
and thus may feasibly be targeted by fusion inhibitors (12, 24–26).

MeV CNS infection by viruses bearing F proteins mutated in the HRC domain has
been observed (22, 23, 27, 28), but growth of these viruses outside the CNS was
thought to be impaired (29). Viral isolates from two patients with fatal MIBE contained
F with an L454W mutation (22) that increased the thermal lability of the F protein in its
metastable state. We previously showed that the L454W mutation in F affects cell entry
and that recombinant MeV IC323-F L454W expressing green fluorescent protein spread
in cells that lack a known MeV receptor. In cell-cell fusion assays, transfection with
L454W F alone mediates fusion independently of the H protein (23). This is in distinc-
tion to other hyperfusogenic MeV isolates that depend on H for membrane fusion (30).

Virus bearing L454W F that was isolated from patients could either have arisen de
novo in the CNS or have been present in the circulating wild-type viral population;
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either way, this mutation appears to have undergone positive selection in the CNS. The
virus’s origin could not be determined. A recent report showed that a virus bearing
L454W F emerges under the selective pressure of certain small-molecule fusion inhib-
itors, including fusion inhibitory peptide (FIP) (31). These findings raised the question
of whether a virus bearing this neuropathogenic F protein can be found outside the
CNS and spread within an individual. To address this question, we assessed the L454W
F variant virus in vivo, using an engineered virus expressing enhanced green fluorescent
protein (EGFP) with the mutated F on the background of the IC323 wt MeV strain (MeV
IC323-EGFP-F L454W) and an identical control engineered virus bearing wt F. In cotton
rat lungs, MeV IC323-EGFP-F L454W replicates better than the wt virus. The lethal dose
for MeV IC323-EGFP-F L454W virus in a suckling transgenic mouse model is significantly
lower than for wt virus but similar to the wt virus, and infection can be blocked by
fusion inhibitory peptides. The F L454W mutation thus enhances viral growth in cotton
rat lung tissue and correlates with increased pathogenicity in mice. We pursued the
striking finding that this neuropathogenic MeV with a dysregulated fusion complex is
pathogenic outside the CNS and can infect two animal models by the respiratory route.

RESULTS
F glycoproteins from neuropathogenic measles viruses. We and others have

previously described several mutations in the MeV F glycoprotein (L454W, T461I, and
N462K) in neuropathogenic MeV strains either isolated from patients or generated in
laboratory settings (22, 23, 28). These mutations were associated with decreased
thermal stability of the prefusion metastable state of the F protein. We mapped these
mutations onto structures of the prefusion (MeV F; PDB identifier [ID] 5YXW [12]) and
postfusion (modeled on HPIV3 F; PDB ID 1ZTM [32]) conformations of MeV F (Fig. 1). The
three mutated residues (L454W, T461I, and N462K) were all located within the
C-terminal heptad repeat domain (HRC). In the prefusion structure, the L454W mutation
causes steric hindrance within the same protomer. The T461I and N462K mutations
map in an �-helical region of the HRC domain. These three mutations occur at the
portion of the HRC domain where the head and stalk regions of the prefusion
conformation meet. Interactions at this junction are likely to be important for stabilizing
the prefusion state, and consequently, mutations in this region would lead to de-
creased stability of the MeV F prefusion structure, as our data have previously sug-
gested (23).

Thermal stability and fusion inhibitor susceptibility of neuropathogenic MeV
variants. Hyperfusogenic variants of MeV F mutated in the HRC domain are less
thermostable than viruses with the wild-type F protein (23). To determine whether
viruses bearing the mutated F proteins are less stable than wt virus, thermal inactiva-
tion profiles were obtained (Fig. 2). Viruses (�1,000 PFU in 100 �l) were incubated at
various temperatures (from 4 to 55°C for the times indicated in Fig. 2). The viral titers
were not affected by 30 min at 4°C. At 37°C, the infectivity of only the F-L454W and
F-N462K variants decreased significantly (to 50% and 12%, respectively). This decrease
correlates with the lower thermal stability of these F proteins (23). Thirty minutes at
45°C abrogated the infectivity of the three mutant viruses by more than 90% compared
to that of the wt, which retained more than 40% of its original viral titer (P � 0.001,
two-way analysis of variance [ANOVA] with Bonferroni’s posttest). After 10 min at 50°C,
only the wt virus was still infectious, becoming noninfectious only after 10 min at 55°C.
These results confirm that the infectivity of recombinant viruses harboring the hyper-
fusogenic mutated F HRC correlates with the lower thermal stability of their respective
fusion proteins (23).

HRC4 fusion inhibitory peptide inhibits fusion and spread by the CNS-adapted
variants. We have shown that a dimeric cholesterol-conjugated fusion inhibitory
peptide (HRC4) blocks infection with wt MeV (G954, WTFb, and IC323 strains) in vitro,
ex vivo, and in vivo in cotton rats and mice (33, 34). Here, fusion inhibition by HRC4 was
assessed in an in vitro cell-cell fusion assay using 293T cell targets expressing either of
the two known MeV receptors (CD150/SLAM and nectin-4) (Fig. 3). We have noted

Pathogenicity of CNS-Adapted Measles Virus Journal of Virology

April 2019 Volume 93 Issue 8 e01862-18 jvi.asm.org 3

https://www.rcsb.org/pdb/explore/explore.do?structureId=5YXW
https://www.rcsb.org/pdb/explore/explore.do?structureId=1ZTM
https://jvi.asm.org


this assay to be the most stringent in vitro quantitative measure of viral inhibition. For
these experiments, a small-molecule fusion protein inhibitor, N-(3-cyanophenyl)-2-
phenylacetamide (3G) was assessed in parallel with HRC4. In contrast to the HRC-
derived peptides, which block fusion after F activation, 3G stabilizes the prefusion state
of the F protein (35, 36). The latter mechanism of action is shared by a previously
described fusion inhibitory peptide (FIP; carbobenzoxy [Z]-D-Phe-Phe-Gly), an inhibitor
that elicited resistant viruses, including one bearing an L454W F (31); therefore, we
expected the L454W to be resistant to 3G.

Effector cells transfected with H and either wt F or F L454W were allowed to fuse
with target cells expressing CD150/SLAM, nectin-4, or no known receptor (mock
transfected) in the presence of the HRC4 or 3G fusion inhibitors. After 24 h, fusion was
evaluated using beta-galactosidase complementation (37). The 50% inhibitory concen-
tration (IC50) of HRC4 for MeV F wt was between 10 and 50 nM in the presence of the
SLAM/CD150 or nectin-4. The IC50 of HRC4 for MeV F L454W was below 0.2 nM in the
presence of the SLAM/CD150 or nectin-4 transfected cells, while in the presence of
mock-transfected target cells, we observed almost 100% inhibition even at the lowest
concentration tested (0.2 nM). Note that wt F did not mediate fusion with mock-

FIG 1 Location of substitutions within the F protein from CNS-adapted virus. (A) Schematic of MeV F
fusion peptide (FP) with N-terminal heptad repeat (HRN), C-terminal heptad repeat (HRC), transmem-
brane (TM), and cytoplasmic (CT) domains indicated. (B) Ribbon diagrams representing a crystal structure
of the prefusion conformation of MeV F (left, PDB 5YXW) and a model of a postfusion conformation of
F (right, based on the postfusion HPIV3 F; PDB 1ZTM). The HRN (blue, green, and cyan) and the HRC
(orange, brown, and yellow) domains are identified. Three substitutions (L454W, T461I, and N462K) in the
HRC domain in neuropathogenic strains that side residues of the indicated amino acid position are
represented as a sphere model. Color coding of substitutions: magenta, carbon; blue, nitrogen; and red,
oxygen.
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transfected cells. The IC50 of 3G for MeV F wt was around 10,000 to 20,000 nM in the
presence of the SLAM/CD150 or nectin-4. With 3G for MeV F L454W in the presence of
the SLAM/CD150 or nectin-4 transfected cells, the IC50 was reached only at the highest
concentration used (100,000 nM). The IC50 dropped in the presence of mock-
transfected target cells to �50,000 nM. Thus, susceptibility to HRC-derived fusion
inhibitors was higher for the F L454W than for the wt F. For 3G, we confirmed the
previous findings that the L454W mutation in F confers resistance to this fusion
inhibitor (12, 31, 35, 36).

The antiviral activity of HRC4 and 3G was next assessed against MeV IC323-EGFP-F
L454W live virus infection (Fig. 4). Since the virus bearing L454W F spreads in the
absence of a known MeV entry receptor (23), we compared the inhibitory efficacies in
Vero cells expressing SLAM/CD150 (Vero-SLAM) and Vero cells that express no known
MeV receptor (Fig. 4). After a 90-min infection with either wt IC323-EGFP or IC323-
EGFP-F L454W viruses, cells were treated with the compounds and visualized at several
time points (24, 48, and 72 h). Without treatment, the two viruses spread and formed
large syncytia after 48 h in Vero-SLAM cells. In Vero cells (without receptor), MeV wt did
not spread, while MeV IC323-EGFP-F L454W formed syncytia that were smaller than
those formed in the presence of CD150/SLAM. The 3G posttreatment at 2,000 nM
resulted in a reduction of syncytium size formed by wt MeV in Vero-SLAM cells but had
no significant effect on the F L454W mutant in either cell type. HRC4 peptide treatment
blocked both viruses in the presence or absence of receptor. The finding that HRC4 but
not 3G inhibits MeV IC323-EGFP-F L454W suggests that HRC4 minimizes viral spread by
inhibiting activated F from proceeding to fusion. Additional data are shown in Fig. S1
in the supplemental material.

Pathogenesis and protection against lethal infection with MeV IC323-EGFP-F
L454W in vivo. Growth of MeV IC323-EGFP-F L454W in lung tissue was assessed in
cotton rats (Fig. 5A). Cotton rats were infected intranasally with 105 50% tissue culture
infective dose (TCID50) of recombinant MeV IC323 bearing the wt F or the mutated
L454W F. Four days postinfection, the animals were sacrificed and the lung viral titers
were assessed. There were significantly more infectious particles in the lungs of animals
infected with the hyperfusogenic mutant (L454W F) than in those infected with the wt
virus (P � 0.001, Mann-Whitney U test).

As a complementary infection model, we assessed wt MeV IC323-EGFP and MeV
IC323-EGFP-F L454W infection in a SLAM transgenic suckling mouse model of MeV
lethal encephalitis that we have previously used for wt MeV infection (33) (Fig. 5B).
Suckling mice were infected intranasally with either 5,000 or 10,000 PFU of wt MeV
IC323-EGFP. Half of the animals died with the lowest dose (4 of 8) and only 1 of 7
animals survived the highest viral dose, suggesting that 5,000 PFU was approximately

FIG 2 Thermal stability of MeV IC323 viruses bearing wild-type and mutant F proteins. Viruses bearing
the indicated F proteins (x axis) were incubated at the indicated temperatures and times. The y axis
represents the percentage infectivity (on Vero SLAM) compared to viruses incubated at 4°C. Results are
expressed as means � standard deviations from 3 separate experiments performed in triplicates. ***,
P � 0.001 by two-way ANOVA with Bonferroni’s posttest.
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the 50% lethal dose (LD50) for the wt virus. Suckling mice were infected with 500 PFU
of the MeV IC323-EGFP-F L454W variant (Fig. 5C). This dose led to 80% lethality within
12 days, suggesting that this dose was above the LD50. To better understand whether
F L454W mutation would confer the ability to MeV to propagate faster in vivo, we
intranasally coinfected SLAM transgenic suckling animals with 1,000 PFU of both MeV
IC323-tdTomato-F wt and the MeV IC323-EGFP-F L454W variant. After 4 days, we only
detected EGFP (by immune staining) in lungs, in meninges, and in neural cells in brain
parenchyma (i.e., ventricle, cortex, and cerebellum areas) in all animals (Fig. 5D to G).
Infection with MeV IC323-tdTomato-F wt was not detected after 4 days, a result that is
consistent with the late infection observed with other wt MeV (38) These results
suggest that virus bearing the F L454W mutation infects better and spreads more
efficiently in both lung and CNS than the wt in this animal model.

Intranasal administration of HRC4 fusion inhibitory peptides protected SLAM trans-
genic suckling mice from fatal CNS infection with wt MeV (33). To evaluate the efficacy
of HRC4 prophylaxis against MeV IC323-EGFP-F L454W in vivo, an infection was per-
formed with 5,000 PFU of virus either with or without intranasal administration of HRC4
peptide 24 h before and 4 h after infection (33) (Fig. 6). Although 5,000 PFU infection
was 100% lethal for untreated mice between day 7 and day 14 after infection, all
infected animals that were treated with HRC4 24 h before and 4 h after infection
survived. Thus, the pretreatment with HRC4 resulted in 100% survival (P � 0.0001,
Mantel-Cox test) despite the very high viral inoculum, and the treated animals had no
clinical manifestations.

DISCUSSION

Central nervous system (CNS) complications may occur soon after acute MeV
infection in the case of acute encephalomyelitis or years after infection, as a result of
viral persistence in SSPE. SSPE has recently been noted to be more common than

FIG 3 Inhibition of cell fusion of cells transiently expressing MeV F and MeV receptors. HEK 293T cells were
cotransfected with either MeV IC323-WT F (A, C) or MeV IC323-F L454W (B, D), �-subunit of �-galactosidase, and
wt IC323 MeV H. Transfected cells were subsequently overlaid 3 h posttransfection with HEK 293T cells expressing
the indicated receptors (nectin-4, SLAM/CD150, or no receptor; only for F L454W, since wt F does not mediate
fusion in the absence of receptor) and the �-subunit of �-galactosidase in the presence of decreasing concentra-
tions of HRC4 (A, B) or 3G (C, D). Cells were then incubated overnight to permit fusion. Resulting luminescence from
�-galactosidase activity was quantified using Tecan Infinite M1000 Pro. Results depict means and standard errors
of the means (SEMs) from two (3G) or three (HRC4) biological replicates of three technical replicates each. Dotted
lines indicate 50% inhibition.
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FIG 4 Inhibition of viral spread. Effect of fusion inhibitors on the areas of plaques formed by the MeV wt (A) and CNS-adapted variant virus bearing
the L454W F (B) in infected Vero or Vero SLAM cells. The indicated fusion inhibitors were added after the 120-min adsorption period. Pictures were
taken 24, 48, and 72 h postinfection using a ZOE Fluorescent cell imager (Bio-Rad) (bars, 100 �m). Areas of infection in pixels were measured using
ImageJ software on images randomly acquired from separate experiments. ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001
(two-way ANOVA, n � 3 at least).
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previously thought and may occur in up to 1 in 600 children infected under 1 year of
age (1). The third form of MeV-induced CNS disease, progressive infectious encephalitis
or measles inclusion body encephalitis (MIBE), occurs in immunosuppressed patients
several months after MeV infection (22, 39, 40). Acute encephalomyelitis does not seem
to be associated with active viral growth in the CNS, while both SSPE and MIBE are
associated with viral propagation in the CNS.

In a recent South African MeV outbreak (2014), 8 HIV-infected patients died of fatal
MeV CNS manifestations (41). The F protein component of the MeV virus fusion
complex recovered from the CNS of patients who suffered fatal MIBE is altered, so that
F is activated in the absence of a known receptor for H (23). The usual balance
maintained by F between stability of the prefusion state and activation is skewed
towards activation in these isolates. The F proteins from two separate patient isolates

FIG 5 In vivo infection with virus bearing the L454W F. (A) Cotton rats (n � 8) were infected intranasally with MeV
IC323-EGFP and MeV IC323-EGFP F L454W F viruses and were euthanized at 4 days postinfection. MeV titration of
lung homogenates showed that L454W F bearing virus grew to a significantly higher titer than wt virus in cotton
rats (P � 0.001 by the Mann-Whitney U test). The limit of viral detection was 102 median tissue culture infective
dose per gram of tissue (TCID50/g). (B) CD150/SLAM suckling mice were infected intranasally with either 5,000
(n � 10) or 10,000 (n � 7) PFU of MeV IC323-EGFP. (C) CD150/SLAM suckling mice were infected intranasally with
500 PFU of MeV IC323-EGFP-F L454W (n � 5). Cryosections of lungs (D) and brain areas (E to G) collected from
CD150/SLAM suckling mice (n � 3) coinfected intranasally with 1,000 PFU of both MeV IC323-tdTomato and MeV
IC323-EGFP-F L454W (at day 4 postinfection) were stained using anti-GFP (green) and anti-tdTomato (red)
antibodies. Nuclei were counterstained with DAPI (blue). (D) Lung section. (E) Brain ventricle area (white arrows
indicate the infection in meninges). (F) Cortex parenchyma. (G) Cerebellum. Scale bars, 100 �m.
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from the outbreak contained one specific amino acid alteration at position 454 (L454W)
that increased fusion even in the absence of H and markedly decreased the thermal
stability of F (23). Alterations in the fusion complex have been linked to CNS adaptation
and to increased neuropathogenesis (28).

MeV is a uniquely human pathogen, and none of the currently available in vivo
models completely represent the CNS sequelae. The best current model for acute
measles infection is the nonhuman primate. However, in studies in rhesus, cynomolgus,
and squirrel monkeys, CNS manifestations have not been described (8, 42–48). We
showed here that MeV bearing the MIBE-derived L454W F infects two animal models of
MeV infection via the respiratory route. In cotton rat lungs, the mutant virus grew at
even higher titers than the wt virus, indicating that L454W F may confer an advantage
in this model. The lethal dose in suckling mice for L454W F bearing virus was lower than
500 PFU, in contrast to a lethal dose of around 5,000 PFU for wt virus. These two animal
models suggest that the virus bearing the L454W F is pathogenic in vivo.

Previous experiments with MeV F proteins bearing mutations at position T461I and
S103I/N462S/N465S—found in virus isolates from patients with SSPE—showed that
these mutations permit the spread of virus in the CNS after intracranial inoculation in
small animal models lacking known MeV receptors (28, 29). However, those viruses did
not spread after intraperitoneal inoculation (29). In this study, intranasal infection of
suckling SLAM transgenic mice led to viral spread in the CNS. This difference might be
explained by factors, including the specific virus used, the animal model, receptor
expression, and/or infection route. Our results in suckling CD150/SLAM receptor trans-
genic mice show that the MeV bearing F L454W can infect via the natural route of MeV
infection, reach the CNS, and cause lethal disease. The wt virus in this model requires
a significantly higher viral load and more time to achieve CNS infection and lethality.
Host-to-host transmission was not assessed here, but the lower thermal stability of the
viruses bearing the unstable F suggests that these viruses may be at a disadvantage for
transmission, as they may more readily become inactivated before reaching the correct
target cells. Future work will assess the pathogenicity of the L454W mutation in the
context of the original B3 strain, where this mutation was initially found, with and
without the additional coding and noncoding mutations found in the clinical samples
(22, 23).

There are no specific therapies for acute complications of MeV or for persistent MeV
CNS infections (24, 26, 49–51). For MeV cerebral infection, the only available antiviral
therapy is ribavirin, which is unlikely to offer significant benefit. Ribavirin prophylaxis in
a mouse model of MeV infection resulted in only 60% survival (52), in contrast with
HRC4 peptide prophylaxis, which resulted in 100% survival in a similar model (34). A
peptide-based prophylactic approach prevents lethal infection in CD150/SLAM trans-

FIG 6 Fusion inhibitory peptides protect from lethal infection with virus bearing the L454W F in vivo.
SLAM suckling mice were infected intranasally with 5,000 PFU of MeV IC323-EGFP-F L454W. A subset of
animals infected with 5,000 PFU (n � 9) was treated with HRC4 peptide intranasally (6 mg/kg) the day
before and 4 h after infection (as we have previously done for wt virus [33]). The mock-infected group
received vehicle at the same time (n � 11). The Mantel-Cox test was used for the survival comparison
analysis. ***, P � 0.0007.
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genic suckling mice infected with wt MeV (33) and MeV bearing L454W F (Fig. 6). An
anti-MeV strategy that combines vaccines and antivirals would contribute to better
management of infected individuals and prevention and treatment of complications
and could support public health objectives, including that of global eradication (53, 54).

The CNS-adapted viruses we describe are sensitive to the fusion inhibitory peptides,
which act after the activation of conformational transformation in F. However, these
viruses are resistant to antivirals that stabilize the prefusion state of F (35). Therapies
designed to stabilize prefusion F protein are in an advanced stage of development for
a related virus, respiratory syncytial virus (55). For MeV, small molecules targeting
prefusion F have been identified, but resistance to these inhibitors quickly arose. For
3G—the inhibitor used in this study alongside the inhibitory peptides—resistance
occurred due to a mutation at position 462 (N462K) in F, one of the mutants we
analyzed here (35, 36, 56–58). The N462K F was inherently destabilized but was retained
in the prefusion state in the presence of inhibitor (35, 36). FIP was reported to have a
mechanism of action similar to 3G (12, 31), suggesting that MeV with L454W F may
emerge under the selective pressure of a fusion inhibitor (31), and MeV bearing the
L454W F was resistant to the inhibitory activity of 3G (Fig. 3 and 4; see also Fig. S1 in
the supplemental material). These findings suggest that an antiviral strategy based on
retaining F in its prefusion state, at least for MeV, may carry the risk of eliciting the
emergence of neurotropic variant viruses.

MATERIALS AND METHODS
Ethical statement. All in vivo experiments with mice were performed by C. M. and C. D. (accredited

by the French veterinary service) according to the French national charter on the ethics of animals, class
2, 3, and 4 genetically modified organisms (GMO) authorization number 5854. The in vivo protocol was
also according to French ethical committee (CECCAPP) regulations, accreditation number CECCAPP_
ENS_2015_011. All experiments performed in cotton rats were approved by the Institutional Animal Care
and Use Committee of The Ohio State University.

Peptides and chemicals. MeV F-derived fusion inhibitory peptide HRC4 was previously described
(33). Briefly, peptide dissolved in dimethyl sulfoxide (DMSO) was added to cholesterol-polyethylene
glycol 4 (PEG4)-bis-maleimide dissolved in tetrahydrofuran followed by addition of N,N-diisopro-
pylethylamine to the solution. The solution was left stirring at room temperature for 3 h and then purified
by C4 prep column (Phenomenex Jupiter C4 liquid chromatography [LC] column, 300 Å) using as eluents
0.1% trifluoroacetic acid in water (A) and 0.1% trifluoroacetic acid in acetonitrile (B) and the following
linear gradient: 30% to 80% in 20 min to 100% in 3 min, washing step at 100% for 5 min, flow 20 ml/min.
The product of lyophilization was a white powder confirmed by matrix-assisted laser desorption
ionization (MALDI) to be HRC4: HRC4 expected mass, 10076.4; HRC4 observed mass, 10075.4. N-(3-
cyanophenyl)-2-phenylacetamide (also known as 3G [35, 36]) was commercially acquired from ZereneX
Molecular Limited (UK). The purity of 3G was tested by high-pressure liquid chromatography (HPLC) and
shown to be �95% pure.

Cells. Vero and Vero-SLAM (African green monkey kidney) (7) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS) and antibiotics in 5% CO2. The 293-3-46 (59) and Vero-SLAM culture media were
supplemented with Geneticin 1 mg/ml (Thermo Fisher Scientific).

Recombinant virus production and analysis. MeV IC323-EGFP (60) is a recombinant virus gener-
ated by reverse genetics using a plasmid (kindly provided by Yusuke Yanagi, Kyushu University, Fukyoka,
Japan) coding for the IC323 MeV strain consensus sequence and containing an EGFP expression cassette
between the leader sequence and the N viral gene.

To generate the L454W variant, the mutated F fragment was generated by PCR, inserted into the
p(�)MeV_IC323-EGFP plasmid, and digested with the restriction enzymes NruI and PacI. For the MeV
IC323-tdTomato plasmid, the EGFP fragment was removed from the p(�)MeV_IC323-EGFP plasmid by
digestion with AscI and AatII and replaced by a PCR fragment encoding tdTomato. The PCR fragments
were inserted using the In-Fusion HD Cloning kit (TaKaRa). Modified plasmids were then amplified in
Escherichia coli Stellar bacterial cells, extracted using the NucleoBond Xtra plasmid Midiprep kit
(Macherey-Nagel), and sequenced.

MeV IC323 recombinant viruses were rescued in 293-3-46 cells as previously described (59). All
viruses were propagated and the titers determined in Vero-SLAM cells. Briefly, 2 � 105 293-3-46 cells
were seeded in 6-well plates. The following day, cells were transfected using a ProFection mammalian
transfection system, calcium phosphate kit (Promega) according to manufacturer’s recommendations
with 10 �g of plasmid encoding the full-length viral genome and 40 ng of pEMC-MeV-L. The next day,
supernatant fluids were replaced with DMEM supplemented with 10% FBS, incubated at 42°C for 3 h, and
replaced at 37°C in 5% CO2. Three days after transfection, cells were mechanically detached by pipetting
up and down and overlaid onto Vero-SLAM cells in a 10-cm culture dish. The cells were incubated for 3
to 4 days at 37°C in 5% CO2 until the appearance of syncytia. For the production of the initial passage
(i.e., P0), single syncytia were collected by scraping using a tip and pipetting in 20 �l and transferred onto

Mathieu et al. Journal of Virology

April 2019 Volume 93 Issue 8 e01862-18 jvi.asm.org 10

https://jvi.asm.org


fresh Vero-SLAM cells in a well of a 6-well plate. When syncytia covered approximately 80% of the well’s
surface, the cells and the supernatant fluid were collected by scraping and were frozen at 	80°C until
use (P0 production). The passage 1 (P1) stock was made by using 300 �l of the P0 to infect a 70%
confluent T150 flask of Vero-SLAM in 15 ml of Opti-MEM (2 h at 37°C). After 2 h, 15 ml of DMEM-10% FBS
was added to the culture, and cells were incubated for 2 to 4 days at 32°C in 5% CO2 until 70% to 90%
infection. The virus was collected in a small volume of Opti-MEM by scraping the cells and exposed to
2 cycles of freezing and thawing at 	80°C to lyse cells and detach the virus particles. Cell debris was
removed by centrifugation for 10 min at 400 � g, and the viral stock in the supernatant fluid was
aliquoted and kept at 	80°C. After titration, the passage 2 (P2) stock was made by infecting
Vero-SLAM at a multiplicity of infection (MOI) of 0.03 using the P1 viral stock and collected the same
way as for the P1.

Structural modeling. Twenty models were produced for the wild-type (wt) measles virus fusion
glycoprotein (MeV F) using the protein homology server Phyre2 (61) based on the postfusion structure
of hPIV3-F as a template (PDB ID 1ZTM) (62). The resulting models were subsequently optimized via
Dunbrack rotamer library and the REF15 scoring function through the PyRosetta (63, 64), resulting in a
model for the conformation of the postfusion MeV-F. The crystal structure is represented for the
prefusion MeV-F (PDB ID 5YXW) (12). All structural figures were produced using PyMol (http://www
.pymol.org/).

Infectivity of MeV variants. Aliquots of equal volumes of DMEM containing 1,000 PFU of virus (MeV
IC323-EGFP, MeV IC323-EGFP-F L454W, MeV IC323-EGFP-F T461I, and MeV IC323-EGFP-F N462K) were
incubated at a range of temperatures from 4 to 55°C for 5 to 30 min. The titers from samples were then
determined on Vero-SLAM cells in triplicates. Results are presented as means � standard deviations from
3 separate experiments.

�-Gal complementation-based fusion assay. To quantify cell-to-cell fusion, we used a fusion assay
based on alpha-omega complementation of �-galactosidase (�-Gal) that was previously described (37,
65). Briefly, 293T cells transiently transfected with the omega reporter subunit and the receptor plasmids
were incubated with cells coexpressing viral glycoproteins and the alpha reporter subunit in the
presence or absence of MeV F HRC4 dimeric fusion inhibitory peptide or 3G. Cell fusion, which leads to
�-Gal complementation, was stopped by lysing the cells, and the luminescence after adding the
Galacton-Star substrate (Applied Biosystems) was measured on an Infinite M1000 Pro (Tecan) microplate
reader.

Plaque enlargement assay. Vero or Vero-SLAM cells were plated in 12-well plates (2 � 105 cells/
well). The following day, cells were infected either with MeV IC323-EGFP or with MeV IC323-EGFP-F
L454W (100 PFU/well for Vero-SLAM and 500 PFU/well for Vero cells) for 2 h at 32°C. The medium was
replaced with medium containing 2% of methylcellulose Avicel/2� complete medium (1:1) and serial
dilutions of either N-(3-cyanophenyl)-2-phenylacetamide, referred to as 3G (35), or MeV F-derived HRC4
dimeric fusion inhibitory peptide (33, 34). After 24 h, 48 h, or 72 h, medium was removed, cells were
rinsed with phosphate-buffered saline (PBS), and pictures were obtained on a ZOE Fluorescent cell
imager (Bio-Rad). Areas of infection in pixels were measured using ImageJ software on images randomly
acquired from separated experiments (n � 3 at least; analyzed by two-way ANOVA).

In vivo experiments. (i) Mice. One-week-old SLAM transgenic (tg) mice, highly susceptible to MeV
infection (33, 38), were infected intranasally (i.n.) by inoculation of 5 �l of Opti-MEM (Thermo Fisher
Scientific) containing either 500 or 5,000 PFU of MeV IC323-EGFP-F L454W. Infection with MeV IC323-
EGFP F wt was performed with 5,000 or 10,000 PFU. Animals were treated with HRC4 i.n. (6 mg/kg) 24 h
before and 4 h after infection (5 �l of peptide). Mock groups received vehicle (Milli-Q water containing
10% DMSO). All animals were observed daily for 21 days, and those showing clinical signs, including
neurological symptoms, ataxia, or lethargy, were euthanized. SLAM tg mice (male and female, bred at the
Institute’s animal facility, PBES, ENS-Lyon) were handled in strict accordance with good animal practice
as defined by the French National Charter on the Ethics of Animal Experimentation.

(ii) Cotton rats. Inbred cotton rats (Sigmodon hispidus) were purchased from Envigo, Inc., Indianap-
olis. Both male and female cotton rats aged 5 to 7 weeks were used. For i.n. infection, 105 TCID50 of MeV
IC323-EGFP F wt or MeV IC323-EGFP-F L454W in PBS was inoculated intranasally to isoflurane-
anesthetized cotton rats in a volume of 100 �l. Four days after infection, the animals were euthanized by
CO2 inhalation, and their lungs were collected and weighed. Lung tissue was minced with scissors and
homogenized with a glass dounce homogenizer. Serial 10-fold dilutions of supernatant fluids were
assessed for the presence of infectious virus in 48-well plates using cytopathic effect (CPE) in Vero SLAM
cells as the endpoint. Plates were scored for CPE microscopically after 7 days. The TCID50 was calculated
as described previously (33).

Coinfection and immunofluorescence. One-week-old SLAM tg mice (n � 3) received 1,000 PFU of
both MeV IC323-tdTomato F wt and MeV IC323-EGFP-F L454W intranasally in 5 �l of Opti-MEM. After
4 days, the animals were euthanized by cervical dislocation, and the brains and lungs were collected.
Organs were fixed overnight in 4% paraformaldehyde (PFA), washed in 1� Dulbecco’s phosphate-
buffered saline (DPBS), placed in 30% sucrose, and frozen in cold isopentane on dry ice. Cryosections
(7-�m thick) were dried for 30 min at room temperature (RT) and permeabilized and blocked in 1�
DPBS-4% FBS-0.3% Triton X-100 for 20 min at RT. Sections were incubated in 1� DPBS-4% FBS-0.3%
Triton X-100 containing mouse anti-GFP (catalog number AB1218; Abcam) (1:500) and goat anti-
tdTomato (catalog number AB8181-200; Sicgen antibodies) (1:500) for 1 h at RT. After 3 washes (5 min
each) in 1� DPBS, tissue sections were incubated in 1� DPBS-4% FBS-0.3% Triton X-100 containing the
secondary donkey anti-rabbit conjugated with Alexa 488 and donkey anti-goat conjugated with Alexa
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555 antibodies (1:500 each) for 1 h at RT. Nuclei were counterstained with DAPI (4=,6-diamidino-2-
phenylindole).

Statistical analysis. The Mantel-Cox test was used for the survival comparison analysis. The two-way
ANOVA with Bonferroni’s posttest was used to compare the thermal stability of the different viruses and
to compare plaque enlargement in the presence or absence of receptor and/or antiviral compound. All
other statistical comparisons were performed using the Mann-Whitney U test. All analyses were per-
formed with GraphPad Prism 5 software.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI
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